A narrow-band, extreme-ultraviolet laser source is developed that has continuous tunability in the range 96-97.5 nm and a bandwidth below 250 MHz. The versatility of the radiation source is demonstrated in two applications. Accurate values for lifetimes of highly excited molecular quantum states are determined from line-broadening measurements in three electronic states of CO:
INTRODUCTION
Radiation in the extreme-ultraviolet (XUV) wavelength part of the electromagnetic spectrum, defined here as the range 50-100 nm, is routinely produced with classical discharges of noble gases, synchrotrons, and laserinduced plasmas. These sources have in common that they are intrinsically broadband. In spectroscopic applications, where resolution is of relevance, these instruments are combined with monochromators, which then are the bandwidth-limiting factors. Through harmonic generation of the output of powerful pulsed-dye lasers, tunable radiation in the XUV domain can be generated with bandwidths determined by the spectral purity of the incident laser beams. In the case when Fouriertransform-limited pulses of nanosecond duration are used as fundamentals, extremely narrow bandwidths at wavelengths in the XUV domain can be generated by harmonic conversion. In this paper we report on the application of a narrow-band source of XUV radiation, tunable in the range 96-97.5 nm. The high resolving power (250 MHz) in the frequency domain is used to extract information on lifetimes of excited states in molecules by means of linebroadening measurements. In the available wavelength range three electronic states of CO could be accessed: W 1 ⌸, v ϭ 0; L 1 ⌸, v ϭ 0; and K 1 ⌺ ϩ , v ϭ 0. For both 1 ⌸ states the lifetimes of the ⌸ e components have already been investigated in detail by XUV laser excitation. 1 The improved resolution by a factor of 40 now permits a determination of the lifetimes of the longer-lived ⌸ f components. Lifetimes of these excited states in CO have been determined in the two-color laser spectroscopic experiment by Drabbels et al. 2 An important characteristic of an XUV laser source based on harmonic generation is the possibility for on-line frequency calibration against a reference standard at the fundamental wavelength. For this purpose linear absorption of the pulsed output of the dye lasers in molecular iodine is usually employed 1, 3, 4 or, in the case of fundamental wavelengths in the blue, linear absorption in molecular tellurium. 5 The accuracy of the I 2 atlas, 6 regularly used for wavelength calibration of pulsed lasers, is limited because of Doppler broadening and asymmetry of the line profiles. Nonlinear saturation spectroscopy of I 2 with the application of cw dye lasers is known to set a more accurate standard. [7] [8] [9] Recently we have demonstrated that the latter technique can be combined with pulsed-dye amplification and harmonic generation to set an accurate wavelength standard at 58.4 nm. 10, 11 Here the combination of techniques is demonstrated for highly precise XUV spectroscopy of excited states of molecules. For many of the essential experimental details not outlined in the present paper, we refer the reader to Ref. 11.
EXPERIMENTAL
The XUV-laser setup and its use for spectroscopic investigations as well as lifetime measurements on CO has been described by Eikema et al. 1 However, the present setup, displayed schematically in Fig. 1 , contains as an important improvement the replacement of the commercial pulsed-dye laser by a home-built, three-stage, pulseddye amplifier (PDA) delivering laser pulses of up to 200 mJ/pulse in 6-ns durations. This PDA is pumped by the green output of a Nd:YAG laser, and it pulse amplifies the output of a narrow-band (Ϸ1 MHz) Ar-ion pumped cw ring dye laser. Although the design of the PDA is somewhat different, the main characteristics are similar to the setup used by Cromwell et al. 12 The laser system was operated with Rhodamine 6G dye in the cw ring dye laser and Rhodamine B or a mixture of Rhodamines B and 6G in the PDA, which allowed tunability in the range 575-585 nm. After frequency doubling the pulsed output of the PDA in a KD*P crystal, up to 90 mJ/pulse can be generated in the UV, although in the present experiment, UV intensities were limited to 15-30 mJ/pulse. Subsequent frequency tripling in a pulsed-gas jet then yields tunable radiation in the range 96-97.5 nm. The instrumental width of the XUV source was determined by measuring the transition of the 84 Kr isotope at 104 887 cm Ϫ1 in a crossed-molecular-beam-laser-beam configuration and applying 1 XUVϩ1 UV photoionization detection. Care was taken to produce a well-collimated atomic beam by means of a skimmer, so that residual Doppler effects are minimal. This bandwidth calibration resulted in a value of 250 Ϯ 30 MHz for the instrumental width. This width is determined by the simultaneous registration of frequency markers from a stabilized etalon [free spectral range (FSR) of 148.9560 (5) MHz] with the output of the cw ring dye laser. It turned out that the Kr resonance was easily saturated by the XUV power, giving rise to additional broadening. For CO no such broadening was observed, which may be explained by the fact that the oscillator strength for each individual rotational line is much smaller owing to the rovibrational distribution of oscillator strength. The instrument function was determined from a low-intensity measurement. The particular 5p 6 -6sЈ resonance in Kr was selected because the excited-state lifetime is sufficiently long (100 ns) 3 that it does not contribute to the observed linewidth. The resulting 250 MHz is due predominantly to the bandwidth of the XUV-radiation source, while a minor contribution from residual Doppler effects may still be present. It is conceivable that the bandwidth is intensity dependent. However, from detailed studies of chirp effects in the PDA, 11 it follows that the chirp (the main source of bandwidth beyond the Fourier limit) does not increase at high output powers of the PDA.
Excited states of CO were probed in the same configuration, also by 1 XUV ϩ 1 UV photoionization. Natural linewidths of the excited states of CO corresponding to the excited-state lifetimes were obtained by deconvolving the instrumental width from the measured linewidths. The linewidths derive again from relative frequency measurements by use of the etalon. In addition to linebroadening measurements, attention was given to improvement of the spectroscopy, particularly of the extremely narrow, singly resolved rotational Q-branch lines of the L -X (0, 0) band. Absolute frequencies could be determined from simultaneous on-line registration of the I 2 -saturation spectrum with the output of the cw ring dye laser. Frequencies of the CO lines are then determined by measuring distances between resonances on the XUV scale and the I 2 -saturation peaks at the fundamental in terms of etalon fringes and then multiplying the result by a factor of six for harmonic conversion. The saturation signal is monitored by measuring the differential absorption of two probe beams traversing a sealed-off I 2 cell with room-temperature vapor pressure (see Fig. 1 ). Fig. 1 . Schematic of the experimental setup. Overlapping XUV and UV beams perpendicularly intersect a pulsed beam of CO. Ions produced in the interaction zone are accelerated by a pulsed electric field (delayed after the laser pulse) and detected on an electron multiplier (EM). The part within the rectangle in the lower right is in vacuum. The acousto-optic modulator (AOM) shifts the carrier frequency by 250 MHz for analysis of the chirp (see text); the electro-optic modulator (EOM) induces phase changes in the seed beam to compensate for chirp effects. The upper part shows the setup for I 2 saturation spectroscopy. DM, dichroic mirrors; PV, pulsed valve; KD*P, frequency doubling crystal; PD, photodiodes.
One of the probe beams partially overlaps a modulated intense beam, saturating the I 2 -transitions.
An essential problem related to the frequency comparison of pulsed and cw lasers is that of frequency chirp: the time-dependent variation of the frequency during the laser pulse. Such a chirp effect gives rise to a net shift between the stable and narrow-band frequency of the cw beam and the center frequency of the pulsed output, which is of course broadened owing to its pulse structure. The chirp in our PDA system was measured by registration of the beat note between its pulsed output and the cw input, which for this purpose was shifted over 250 MHz with an acousto-optic modulator (see Fig. 1 ). Chirp occurs as changes in the phase evolution, which is monitored on a fast (1 GHz, 5 Gs/s) digital oscilloscope; the frequency chirp can be reconstructed from the observed phase patterns. This chirp effect can be counteracted by imposing fast phase changes on the seed beam entering the PDA system by an electro-optic modulator. This method of generating chirp-free pulses is applied here for the accurate and absolute calibration of CO lines. For more details on this method, see Ref. 11.
RESULTS

A. Lifetime Measurements
Three excited states of CO that can be excited within the scan range of our narrow-band XUV source were investigated: the 4p Table 1 for all excited states investigated. Particularly for the low J levels of the L 1 ⌸ f state, multiple linewidths were recorded to derive accurate values for ␦ obs .
Since the Doppler contribution to the linewidth was minimized under conditions of a collimated, supersonic, molecular beam expansion, it had a low rotational temperature, and only the low J values could be investigated. The Q branch of the strong L -X band could be followed up to Q (12) . As in the observation of Sekine et al., 13 the Q(7) line is completely missing because of an accidental predissociation, as is evident from Fig. 4 . In a 1 XUV ϩ 1 UV photoionization experiment the vanishing of a line is an indication of a strong accidental perturbation because the signal intensity strongly depends upon the excited-state lifetime. The instrumental linewidth had to be deconvoluted from the observed widths to deduce the natural linewidth expressed as ⌫. The 5p 6 -6sЈ resonance line of 84 Kr appeared to have a width of 250 Ϯ 30 MHz at the lowest laser intensities. This value includes the bandwidth of the XUV source and a small contribution of Doppler broadening in the atomic beam. The observed instrumental profile was close to a Lorentzian. A convolution of two Lorentzian functions with linewidths ⌫ 1 and ⌫ 2 produces again a Lorentzian of width ⌫ ϭ ⌫ 1 ϩ ⌫ 2 . Consequently the instrument function can be deconvoluted from the observed widths by subtracting 250 MHz. However, even small deviations from a Lorentzian will affect the correctness of the deconvolution. Particularly for the observed widths of the Q-branch lines of the L -X (0, 0) band, which lie in the range 325-400 MHz and only marginally exceed the instrumental width, the specific line shape is important. From numerical deconvolution tests of the actual line shapes, we found that subtraction of 215 MHz (corresponding to 85% of the instrument width) yields the most reliable values for the natural linewidths of the narrow CO features. This deconvolution procedure introduces uncertainties in ⌫ larger than the uncertainties in ␦ obs resulting from the fitting procedure. For this reason we quote error margins of 30% on the lifetimes of the L 1 ⌸ f state. For the broader lines in the other bands the uncertainties in the values for ⌫ derive from the fitting procedure. Values of ⌫ and lifetimes ( ϭ 1/2⌫) for all the states investigated are given in Table 1 
For the L 1 ⌸ f state the systematic uncertainty of 30% was included in the error margin of the averaged value.
B. Absolute Frequency Calibration of CO Lines in the Extreme Ultraviolet
In a previous study, 1 transitions of the W -X (0, 0), L -X (0, 0), and K -X (0, 0) bands were calibrated on an absolute frequency scale by comparing and intrapolating the XUV resonances with simultaneously recorded Doppler-broadened I 2 -absorption spectra. This Dopplerbroadened I 2 standard is insufficiently accurate to fully employ the narrow linewidth of the CO resonance in calibration. The widths of the I 2 -absorption lines (1 GHz in the visible) correspond to a 6-GHz width on the XUV scale. A solution is to use hyperfine components of I 2 , resolved by Doppler-free saturation spectroscopy. In Fig. 5 a recording of the narrow Q(1) line of the L -X (0, 0) band is shown with simultaneously recorded saturated I 2 absorption and etalon spectra. The etalon markers are used to construct a linearized frequency scale on which the CO resonance line position can be determined with respect to an I 2 -marker line. This possibility for absolute calibration in the XUV domain was already demonstrated in a recent study of the transition frequency of the 58-nm resonance line in the He atom 10 and is applied here in a spectroscopic study of a molecule.
In our laboratory no equipment is available for direct absolute frequency measurements at megahertz accuracy. Such instruments at present exist only in national metrology laboratories (e.g., the National Institute of Standards and Technology, Gaithersburg; Bureau National de Métrologie, Paris; and the Physikalische Technische Bundesanstalt, Braunschweig). Relative measurements with respect to a calibrated standard, using a stable etalon, can, however, be performed in many laboratories, and we followed this procedure for absolute cali- Ϫ1 was calibrated absolutely. For this purpose a 633-nm He-Ne laser, intracavity locked to an I 2 -hyperfine component was used to stabilize the length of an etalon (see Fig. 1 7 This results in a consistent FSR value of 148.9560 (5) MHz.
After a determination of the FSR, the I 2 -saturation absorption spectrum in the range 17 205-17 213 cm Ϫ1 was covered with overlapping scans for an approximate determination of the frequency spacing in terms of the number of frequency markers. Subsequently several I 2 hyperfine components were recorded in slow scans for a highly precise measurement. All recorded data handling was stored in a computer. The frequency scale was linearized by spline fitting the etalon spectra. The positions of the I 2 -saturation components [including the P98 (14-0) t reference] were determined by computerized interpolation, yielding accurate values for their absolute frequencies. In this way, 14 I 2 -hyperfine components were calibrated; since these data may be of value for future spectroscopic research, they are listed in Table 2 . For convenience the hyperfine components at the low-energy side of the multiplet are calibrated, in the case of even J, the o components and in the case of odd J, the w components. The uncertainty in the frequencies is determined by the accuracy of the fitting procedure, the accuracy of the reference line (Ͻ1 MHz), and the accuracy of the FSR. The I 2 -saturation spectra were recorded at room-temperature vapor pressure, without specifically reproducing the conditions under which the original calibrations had taken place. Temperature and pressure effects for such circumstances may give rise to shifts of the order of 1 MHz. Combining all error sources, the final uncertainties in the recorded I 2 transitions are estimated at 4-5 MHz.
The Q-branch lines of the L -X (0, 0) band of CO were measured in simultaneous recordings with I 2 -saturation spectra and etalon fringes. From separations between CO lines and I 2 components (see Table 2 ) absolute frequencies in the XUV domain were determined after multiplication by 6 for the harmonic conversion. Again all spectra were fitted by computer, and scale linearization also was employed. A statistical uncertainty related to the multiple recording of a single strong line is estimated to be 5-20 MHz, depending on the signal-to-noise ratio, and the uncertainty of the XUV-frequency scale, because of the use of the saturated I 2 components, is 30 MHz. Three systematic effects, which may give rise to frequency shifts, were addressed. First a small deviation from exact perpendicular alignment between light and molecular beam may cause a Doppler shift. This phenomenon was investigated by varying the velocity of CO molecules in the molecular beam. The frequencies of the Q(1) line were determined for a pure CO beam (average velocity 660 m/s) and for a beam of CO seeded in Kr (average velocity 380 m/s) in conditions of supersonic expansion. In the latter, the lines were found to be blue shifted by 43 MHz. In extrapolation to zero transversal velocities a Doppler-shift correction of 75 Ϯ 40 MHz is determined. A second important systematic effect results from the phenomenon of frequency chirp, which gives rise to an offset between the seed frequency of the cw ring dye laser and the frequency of the pulsed laser, averaged over the pulse duration. In a series of measurements, for which the chirp was compensated, we found a chirpinduced redshift of 68 Ϯ 50 MHz (on the XUV scale). The method for the generation of nearly chirp-free pulses from a PDA is described elsewhere. 11 Finally, an uncertainty that is due to the ac-Stark effect and is induced by the intense UV-laser light present in the interaction region is estimated to be 50 MHz, since no effects were observed. Measurements on an atomic system 11 yielded clearly observable ac-Stark-induced line shifts. Combining all unrelated sources of error yields an estimate for the uncertainty in the absolute frequency of the Q-branch lines of 90 MHz or 0.003 cm Ϫ1 . The resulting transition frequencies are listed in Table 3 14 The numbers in the last column refer to the identification of Doppler-broadened lines in the I 2 atlas. 6 which is of the order of 8 MHz for the separation of strong lines and up to 20 MHz for the weaker lines. These highly accurate frequency separations between Q lines are listed in Table 4 .
All values, absolute and relative frequencies, are included in a least-squares fit together with the less accurate values, up to Q (22) , from the absolute frequency measurements from the previous investigation. 1 In the fit the energy levels of the X 1 ⌺ ϩ , v ϭ 0 ground state were calculated with recent accurate molecular constants of Varberg and Evenson. 15 First the resulting constants for Table 5 . This is referred to as model (a) in Tables 3-5 . Since the absolute accuracy of the previous measurements 1 was limited, the data for Q(13) -Q(22) were allowed to shift over a constant value in the leastsquares routine. An optimum is found for a shift of 0.09 cm Ϫ1 , which is within the stated uncertainty. 1 The lines Q(1) -Q(6) gradually shift upward, while Q lines for J Ͼ 7 shift downward in frequency. From these deviations it clearly follows that an anticrossing occurs near the missing J ϭ 7 level.
Subsequently a deperturbation analysis was performed in which a bound state is assumed with a certain 0 and rotational constant B, interacting homogeneously with the L 1 ⌸ f , v ϭ 0 state with a constant interaction matrix element W int . Such a procedure, referred to as model (b), was described by Eikema et al. 16 Again the data pertaining to the absolute frequencies (Table 3 ) and frequency separations (Table 4) were included in a least-squares fit, resulting in the molecular parameters given in the last column of Table 5 . In this model the absolute data are found to fit better than 0.001 cm Ϫ1 , while the frequency separations are found to fit better than 10 MHz. The observed frequency separation between Q(11) and Q(10), which was left out of the fit, is 75 MHz smaller than calculated. At the present level of accuracy this is a strong indication for a second local perturbation between Jϭ 10 and J ϭ 11 levels in the
DISCUSSION AND CONCLUSION
It has been demonstrated that a narrow-band XUV-laser source can be employed to determine the lifetimes of excited states of molecules. In the range up to 300 ps, accurate values can be determined straightforwardly, while in the range up to 1 ns, lifetime values critically depend on the deconvolution of the instrument width, giving rise to relatively large uncertainties. It has already been demonstrated that, in such an instrument, lifetimes as short as 3 ps can be measured as well, 1 so that now a dynamic range of two orders of magnitude for lifetime measurements is covered. This dynamic range is attractive for the determination of, e.g., rotational-state-dependent predissociation rates for the excited states of CO. At 1 ns the limit of radiative decay is met for most excited states; this limit can now be reached by narrow-band XUV-laser excitation.
Letzelter et al. 17 have established that photodissociation of CO occurs mainly through absorption to bound states, which are coupled to dissociative continua. A subsequent comprehensive study by Eidelsberg and Rostas 18 yielded values for the rates of predissociation, which were accurate to a factor of three. Laser spectroscopic techniques, involving line-broadening measurements, were developed that improved accuracies to the 10% level. 1, 2, 4, 19 A compilation of predissociation rates and lifetimes, including rotational-state and isotopic dependencies, was recently published. 20 Since the studies of Letzelter et al., 17 all excited states of CO in the energy range above 100 000 cm Ϫ1 are considered to be predissociative with a predissociation yield of dis Ͼ 99%. These measurements were, however, performed in low resolution, and no distinction could be made between, e.g., e/f components of the same 1 ⌸ state. It was found that in several states the predissociation rate depends strongly on the rotational quantum number and the e/f parity. 1 ⌸ f , v ϭ 0 state they observed the J ϭ 2 -3 levels and derived a lifetime of 0.55 ns. A lifetime of 0.55 ns corresponds to a natural width of 290 MHz, which is very near the narrowest lines observed in the present study (330 MHz). In view of the effects of the instrument in our experiment this difference definitely must be larger. In the experiment of Drabbels et al. 2 the bandwidth profile of their laser source was assumed to be Gaussian in their deconvolution procedure. Small Lorentzian-like contributions in the wings, which may have been overlooked, could strongly affect the outcome of the deconvolution followed in Ref. 2 . This might explain the discrepancy. We note that experimental artifacts, e.g., collisional effects, usually tend to broaden rather than narrow spectral lines.
For 
we find a rotationally independent lifetime. At the same time the missing Q(7) line in the twophoton ionization process is clear proof of the rotationally dependent lifetime. The behavior of an accidental predissociation was also observed by Sekine et al. 13 A phenomenon of a global predissociation throughout the rotational manifold can be caused by homogeneous coupling to a state of 1 ⌸ symmetry, which is repulsive in this energy region. Such a state was recently identified in ab initio calculations of CO. 25 An accidental predissociation must be caused by another unidentified bound state that nearly coincides in energy with the L 1 ⌸ state at J ϭ 7. From the matrix diagonalization in the deperturbation analysis, based on the level shifts, it follows that the J f ϭ 7 level has an admixture of 33% perturber state, while all other rotational levels have less than 2% perturber-state character. This explains why broadening effects are not observed for J 7 states. The L 1 ⌸ state is known to be part of a 4p -Rydberg complex, while it also homogeneously interacts with a valence state of 1 ⌸ character. 26 Interaction with the LЈ 1 ⌸ state, which is off by 60 cm Ϫ1 for all J levels, will not cause an anticrossing, while the 4p 1 ⌺ ϩ state only affects e-symmetry levels. From the deperturbation analysis it follows that the perturber state has a rotational constant of 2.05 cm Ϫ1 and must therefore be a Rydberg state. Since the perturber interacts with the f symmetry levels, it is of either ⌺ Ϫ or ⌸ character. A similar example of an accidental predissociation was recently analyzed for the E 1 ⌸, v ϭ 1, J ϭ 7 level of CO, 19 which was attributed to an interaction with the k 3 ⌸ triplet state. That the L 1 ⌸ f state is also slightly perturbed between J ϭ 10 and J ϭ 11 makes this example particularly similar to that of the E 1 ⌸ state, so the perturber state is possibly a 3 ⌸ state as well.
Transition frequencies of molecular absorption lines in the extreme ultraviolet domain have been determined within 0.003 cm Ϫ1 . We note that energies of highly excited states in atomic hydrogen 27 and molecular hydrogen 28 have been determined with higher accuracy, but this was done in two-photon experiments employing UV lasers. We also refer to the accurate calibration of the He-resonance line at 58 nm by our group. 11 The measured transition frequencies in this work may be used in the future as a wavelength standard near 96 nm. In principle the method presented here can be extended to many other molecules and to a much wider wavelength range. However, the lack of accurately known (1-MHz level) reference lines still limits its applicability. For this reason the observed lines in the K -X (0, 0) and W -X (0, 0) bands could not be calibrated against I 2 saturation components, because nearby calibrated reference lines are not available. If reference lines are separated by more than 10 cm Ϫ1 (at the fundamental frequency) from the XUV-resonance lines, the method of absolute calibration by scanning the fringes of a stabilized etalon becomes unpractical and less precise. Future progress in XUVprecision spectroscopy depends on the availability of a large number of accurately calibrated reference lines in the visible domain.
